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 8-oxo-dGTP, an oxidized form of dGTP generated in the nucleotide pool, can be incorporated 
opposite adenine or cytosine in template DNA, which can in turn induce mutations. In this study, we identified a 
novel MutT homolog (NDX-2) of Caenorhabditis elegans (C. elegans) that hydrolyzes 8-oxo-dGDP to 
8-oxo-dGMP. In addition, we found that NDX-1, NDX-2 and NDX-4 proteins have 8-oxo-GTPase or 
8-oxo-GDPase activity. The sensitivity of ndx-2 knockdown C. elegans worms to methyl viologen and 
menadione bisulfite was increased compared with that of control worms. This sensitivity was rescued by 
depletion of chk-2 and clk-2, indicating that growth of the worms is regulated by the checkpoint pathway in 
response to the accumulation of oxidized nucleotides. Moreover, we found that the sensitivity to menadione 
bisulfite of ndx-1 and ndx-2 knockdown worms was enhanced by elimination of XPA-1, a factor involved in 
nucleotide excision repair (NER), suggesting that incorporated oxidized nucleotides are processed by a pathway 





Oxidative damage to bases occurs through normal cellular metabolism and through exposure to 
ionizing radiation and various chemical oxidizing agents (1). Among such damaged bases, an oxidized form of 
guanine, 8-oxo-7,8-dihydroguanine (8-oxoG), can alter genetic information since it pairs with adenine and 
cytosine (2, 3). 8-oxo-dGTP, an oxidized form of dGTP generated in the nucleotide pool, is incorporated 
opposite adenine or cytosine of template DNA, causing A:T to C:G or G:C to T:A transversions (4, 5).  
To prevent such deleterious effects, Escherichia coli (E. coli) MutT degrades 8-oxo-dGTP and 
8-oxo-dGDP to 8-oxo-dGMP, and thereby prevents incorporation of the 8-oxoG-containing nucleotide (1, 6). 
Mammalian cells also possess enzymes that eliminate 8-oxoG-containing nucleotides from the nucleotide pool. 
These include MTH1 (5, 7), MTH2 (NUDT15) (8), MTH3 (NUDT18) (9) and NUDT5 (10). MTH1 and MTH2 
preferentially degrade 8-oxodGTP, whereas NUDT5 and MTH3 hydrolyse 8-oxo-dGDP but show little activity 
toward 8-oxo-dGTP. In Caenorhabditis elegans (C. elegans), two MutT homologs, NDX-1 and NDX 4, have 
been identified (11, 12). NDX-1 cleaves 8-oxo-dGDP but not 8-oxo-dGTP, while NDX-4 cleaves 8-oxo-dGTP 
but not 8-oxo-dGDP. In this study, we searched for another MutT homolog of C. elegans and found a novel 
hydrolase for 8-oxo-dGDP encoded by ndx-2. 
Furthermore, it has been shown that 8-oxoG can be incorporated into RNA by RNA polymerase (13). 
8-oxo-GTP is incorporated opposite adenine in the DNA template during transcription and the altered transcripts 
could lead to mistranslated proteins. E.coli MutT protein has the ability to degrade both 8-oxo-GDP and 
8-oxo-GTP in the nucleotide pool (14, 15). Many MutT homologs have hydrolytic activity toward 8-oxo-GTP or 
8-oxo-GDP (9, 16). Thus, we investigated whether the NDX proteins act on 8-oxoG-containing ribonucleotides.  
Eukaryotes respond to DNA damage by activating the DNA damage response (DDR) pathway (17). 
The DDR includes DNA repair processes and checkpoint pathways that regulate cell cycle progression and affect 
development, growth rate, life span and sensitivity to DNA damage (18). In C. elegans, checkpoint pathways are 
conserved and DNA damage checkpoint genes such as chk-2 and clk-2 have been described (19). The CLK-2 
checkpoint protein has been found to be involved in the activation of cell-cycle arrest and apoptosis in response 
to misincorporation of uracil (20). Interaction between the base-excision repair (BER) pathway and activation of 
the DDR signaling pathway through CLK-2 has been described (20). We examined whether the DDR pathway is 
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activated in response to an increased amount of oxidized nucleotides or their misincorporation. Here, we report 
that CHK-2 and CLK-2 checkpoint proteins function in postembryonic development and growth control.  
If incorporated into DNA, the 8-oxoG lesion should be repaired. Bacteria and eukaryotes are equipped 
with mechanisms to prevent mutations by 8-oxoG (21). One such mechanism is base excision repair (BER) for 
oxidatively damaged bases in DNA. In E. coli, MutM removes 8-oxoG paired with cytosine in DNA from DNA 
(21, 22). In yeast and mammalian cells, OGG1 has been shown to remove 8-oxoG to initiate BER (23, 24). In 
contrast, little is known about repair pathway(s) processing 8-oxo-G in DNA in C. elegans. C. elegans lacks 
homologs of E. coli MutM and mammalian OGG1. We carried out a survey of repair pathways that would act on 
8-oxoG-containing nucleotides. Here, we report that XPA-1, which is a factor acting in nucleotide excision 
repair (NER), seems to be involved in repair of incorporated 8-oxoG, and that activation of the checkpoint 
pathway is partially linked to the function of XPA-1. 
 
MATERIALS AND METHODS 
Assay for the sensitivity of E.coli to oxidative stress 
Plasmids used in this experiment were previously documented (11). E. coli CC101 harboring 
pGEX4T-1, CC101 mutT harboring pGEX4T-1 or CC101 mutT expressing NDX-2 was grown to stationary 
phase in 5 ml of LB containing 100 μg/ml ampicillin at 37°C. Appropriate dilutions of each culture were plated 
on LB plates containing methyl viologen (MV). After incubation at 37°C for 20 hr, the number of colonies was 
counted to estimate survival. 
 
Assay for enzymatic activity  
C. elegans NDX-1, NDX-2 and NDX-4 were purified as previously described (11). 8-oxo-dGTP was 
purchased from TriLink Biotechnologies (San Diego, CA) and 8-oxo-dGDP and 8-oxo-GTP were purchased 
from Cosmo Bio (Tokyo, Japan). 8-oxo-GDP was prepared as the product of hydrolysis of 8-oxo-GTP by 
NDX-4. Reaction mixtures (25 μl) containing 20 mM Tris-HCl (pH 8.0), 4 mM MgCl2, 40 mM NaCl, 8 mM 
dithithreitol, 5% glycerol and each substrate at 20 μM were incubated at 37°C for 30 min with purified NDX 
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protein. The reaction was terminated by adding 25 μl of 5 mM EDTA. The mixture was subjected to HPLC (high 
performance liquid chromatography) using a TSK-GEL DEAE-2SW column (Tosoh, Tokyo) at a flow rate of 
1.0 ml/min for the mobile phase buffer (75 mM sodium phosphate, pH 6.0, 1 mM EDTA and 20% acetonitrile). 
The substrates and reaction products were detected by measuring UV absorbance at 254 nm for dGMP, dGDP, 
dGTP, GMP, GDP and GTP, or 293 nm for 8-oxo-dGMP, 8-oxo-dGDP, 8-oxo-dGTP, 8-oxo-GMP, 8-oxo-GDP 
and 8-oxo-GTP.  
 
C. elegans strains and culture conditions  
C. elegans N2, RB1054 ndx-4 (ok1003), RB1572 mlh-1 (ok1917), RB877 nth-1 (ok724) and RB864 
xpa-1 (ok698) were obtained from the Caenorhabditis Genetics Center (Minneapolis, MN). C. elegans worms 
were cultured at 20°C on NGM agar plates (0.3% NaCl, 0.25% polypeptone, 0.005% cholesterol, 1 mM MgSO4, 
1 mM CaCl2, 25 mM potassium phosphate, pH 6.0 and 0.17% agar) with a lawn of E. coli OP50.  
 
Bacteria-mediated RNA interference (RNAi) 
For knockdown experiments, we used the well-established RNAi method (25, 26). C. elegans ndx-1, 
ndx-2, chk-2 (Y60A3A.12) and clk-2 (C07H6.6) cDNA clones were amplified by PCR from a cDNA library 
using the following primers: for ndx-1, 5’-CCAAGCAAGCTTCCACTTGGAAAGTTG-3’ (forward with a Hind 
III site) and 5’- AGGCTCGAGTTAAAGCATATGAAGTGACGG -3’ (reverse with an XhoI site); for ndx-2, 
5’-AGGGAAAAAAGCGGCCGCACGTCATCGGCCACA-3’ (forward with a Not I site) and 
5’-CTATCTGCAGCTAGATCGTGGCGAATT-3’ (reverse with a Pst I site); for chk-2, 
5’-TTAAGCGCGGCCGCATGGTTCGCGGGACA-3’ (forward with a NoI I site) and 
5’-TTAAGCCTGCAGTCACATTTTTGCCTTTTTCACAG-3’ (reverse with a PsII site); and for clk-2, 
5’-TTAAGCAAGCTTATGAATTTACGAAGTCGCCT-3’ (forward with a Hind III site) and 
5’-TTAAGCCTCGAGTGCGTAATTGAGATCACTC-3’ (reverse with an Xho I site); The amplified PCR 
products were subcloned into plasmid L4440 for bacteria-mediated feeding-RNAi (RNAi plasmid). Double 
RNAi experiments were performed by mixing equal amounts of overnight cultures of E. coli HT115 (DE3) that 
had been transformed with the respective RNAi plasmids and then plating the mixture on NGM plates containing 
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1 mM IPTG (RNAi plates). The transformant harboring L4440 was used for a negative control of RNAi and for 
single knockdown experiments. To confirm the effect of RNAi, RT-PCR was carried out with total RNA 
prepared from RNAi and control worms (Supplementary Figure 1).  
 
Assay for survival of C. elegans in adulthood under oxidative conditions 
To assay survival of C. elegans in adulthood, young adult worms were transferred to plates containing 
5 mM menadione bisulfite and survival was monitored daily. This protocol was similar to the assay for lifespan 
(11), except that the plates contained 5 mM menadione bisulfite.  
 
Assay for the sensitivity of C. elegans to oxidative stress 
To assay sensitivity to menadione bisulfite during development, eggs were placed on RNAi plates 
containing MV or menadione bisulfite. After incubation at 20°C for 4 days, L4 and adult worms were counted 
and the number of L4 and adults/the number of eggs was determined. Smaller larvae were also counted on the 
previous day and the number of L1 to L3 larvae/the number of eggs was determined. Then, to determine growth 
in the first filial generation (F1) progeny animals, eggs were collected from the ndx-4 mutants that developed to 
adulthood on plates containing 0 mM or 0.5 mM menadione bisulfite and placed on NGM plates with a lawn of 
E. coli OP50. After incubation for 4 additional days, L4 and adult worms were counted and the number of (L4 
and adults)/the number of eggs was determined. 
 
RESULTS 
Complementation of sensitivity to methyl viologen (MV) of E. coli mutT by NDX-2 
Previous studies revealed that there are at least two MutT homologs, NDX-1 and NDX 4, in C. 
elegans (11, 12). We first examined whether C. elegans possess additional proteins with pyrophosphatase 
activity towards 8-oxo-dGTP and/or 8-oxo-dGDP. C. elegans NDX-2 is predicted to be an ADP-sugar 
diphosphatase orthologous to human NUDT5 . NUDT5 also has 8-oxo-dGDPase activity and plays an important 
role in preventing mutations. Expression of NDX-2 was able to reduce the mutation frequency in E. coli mutT, as 
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previously described (11, 12). To examine whether NDX-2 complements the sensitivity of E. coli mutT mutants 
to methyl viologen (MV), we compared the survival of E. coli CC101 mutT expressing NDX-2 with that of 
wild-type CC101 and CC101 mutT. We found that E. coli CC101 mutT expressing NDX-2 was more resistant to 
MV compared with CC101 mutT bearing the vector alone (Supplementary Figure 2). Therefore, in this study, we 
first focused on the properties of NDX-2 of C. elegans as an E. coli MutT homolog.  
 
Purification and enzymatic activity of C. elegans NDX-2 
C. elegans NDX-2 was expressed as a GST-fused protein in E. coli CC101 mutT, the GST-NDX-2 
fusion protein was purified by glutathione-Sepharose 4B column chromatography, and the GST-tag was 
removed with thrombin (Figure 1A). Assays for enzyme activities were carried out using 20 μM 8-oxo-dGDP or 
8-oxo-dGTP as substrate, and the products were analyzed by HPLC. As shown in Figure 1B, NDX-2 degraded 
8-oxo-dGDP to its monophosphate form, and hydrolysis of 8-oxo-dGTP was hardly detected. The substrate 
specificity of NDX-2 is shown in Table 1.  
E.coli MutT protein and many MutT homologs also have activity toward the oxidized ribonucleotide, 
as reported previously (9, 14-16). We examined whether NDX-1, NDX-2 and NDX-4 also hydrolyze 8-oxo-GTP 
and/or 8-oxo-GDP. As shown in Figure 1C and Table 1, NDX-1 and NDX-2 showed 8-oxo-GDPase activity. 
Under the same conditions, hydrolysis of 8-oxoGTP by NDX-2 was hardly detected. NDX-4 showed 
8-oxo-GTPase activity, while the hydrolysis of 8-oxoGDP was not detected.  
 
The effect of superoxide generators on survival in C elegans treated in the adult stages 
Previous studies showed that the lifespan of C. elegans is not affected by the knockdown of ndx-1 or 
knockout of ndx-4 (11, 12). The lifespan of ndx-2-RNAi worms was also similar to that of control worms (data 
not shown). We next examined whether oxidative stress affects the survival of ndx-1- and ndx-2-RNAi worms 
and ndx-4 mutants. To test this, young adult worms were incubated on plates containing 5 mM menadione 
bisulfite, a superoxide generator. The survival was assessed by the percentage of live worms. While ndx-1-RNAi 
and ndx-2-RNAi worms showed similar survival to control worms, mutation of ndx-4 decreased the survival of 
worms (Figure 2). Furthermore, double knockdown of ndx-1 and ndx-2 in ndx-4 mutants showed significantly 
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lower survival (Figure 2). These results suggest that NDX-1, NDX-2 and NDX-4 co-ordinately participate in 
sanitization of the nucleotide pool.  
 
Increased sensitivity to oxidative stress during postembryonic development in C. elegans by knockdown 
and knockout of the ndx genes 
Previous studies showed that ndx-4 mutants are slightly sensitive to PQ (MV) (12). ndx-1-RNAi 
worms also show higher sensitivity to MV and menadione bisulfite compared with control worms (11). We 
compared the sensitivity of ndx-2-RNAi and control worms to MV or menadione bisulfite by assessing the 
decrease in the growth rate of the worms. The eggs of the worms were exposed to the agents on plates for 4 days. 
The percent of eggs that developed to adults was determined as the growth rate. As shown in Figure 3A, like 
ndx-1-RNAi worms, ndx-2-RNAi worms showed higher sensitivity to both MV and menadione bisulfite than the 
control worms.  
It is likely that NDX-1, NDX-2 and NDX-4 co-ordinately degrade 8-oxoG-containing nucleotides. To 
test this, we examined whether the knockdown or knockout of multiple ndx genes increased the sensitivity to 
MV and menadione bisulfite. In this study, we used the feeding RNAi method for the knockdown of ndx-1 and 
ndx-2, and the ndx-4 mutant for the knockout of ndx-4. As shown in Figure 3B, unlike the case of survival in 
adulthood, application of ndx-1- and/or ndx-2-RNAi did not Increase the sensitivity of the ndx-4 mutant. 
 
The effect of knockdown of chk-2 and clk-2 on the sensitivity to oxidative stress 
Although the number of L4-adult stage worms was decreased in the plates containing menadione 
bisulfite, a few small larvae were observed in these plates (Figure 4A). This suggested that some of the worms 
that did not reach the adult stage underwent retarded development or arrest at the larval stage rather than death 
under the oxidative condition. We hypothesized that activation of checkpoint pathways caused this arrest. In C. 
elegans, various checkpoint pathways are conserved and DNA damage checkpoint genes such as chk-2 and clk-2 
have been described (19). It is known that cell-cycle arrest and apoptosis are activated in response to dUTP 
misincorporation into DNA in C. elegans (20). To assess whether the growth-arrest involved CHK-2- and/or 
CLK2-mediated checkpoint pathways, we examined the effect of knockdown of chk-2 and clk-2 on the growth 
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rate of ndx-1- or ndx-2-RNAi worms or ndx-4 mutants. While ndx-1- or ndx-2-RNAi worms or ndx-4 mutants 
showed sensitivity to menadione bisulfite, as shown in Figure 3B, the number of worms that were able to 
develop to adulthood was restored to the control level by the knockdown of chk-2 and clk-2 (Figure 4A). That is, 
the sensitivity was rescued by the knockdown of chk-2 and clk-2.  
Despite the rescue of growth rate by the knockdown of chk-2 and clk-2, DNA damage seemed not to 
be repaired, which could result in serious physiological problems. We therefore examined the influence on the 
reproduction of the ndx-4 mutants that had evaded growth arrest at the larval stage and their progeny. All the 
adult worms in the chk-2- and clk-2-RNAi plates could lay eggs. We did not observe any obvious differences in 
the hatching rate compared to the control. We next examined the growth of the first filial generation (F1) 
progeny of the chk-2- and clk-2-RNAi worms. As shown in Figure 4B, the progeny of the chk-2- and clk-2-RNAi 
worms exhibited a lower growth rate than the progeny of the control-RNAi worms.  
 
The effect of elimination of xpa-1 on the sensitivity to oxidative stress 
Once the abnormal nucleotides are incorporated, they should be removed and then repaired properly. 
Pathways including mismatch repair (MMR), base excision repair (BER) and nucleotide excision repair (NER) 
are conserved mechanisms for DNA repair in C. elegans. However, little is known about pathways for the repair 
of incorporated 8-oxoG in C. elegans. Multiple repair genes are conserved in C. elegans, including mlh-1 
(mismatch repair), nth-1 (base excision repair) and xpa-1 (nucleotide excision repair), and their knockout 
mutants, mlh-1(ok1917), nth-1(ok724) and xpa-1(ok698), are available. We examined whether the knockout of 
mlh-1, nth-1 and xpa-1 repair gene affects the sensitivity to menadione bisulfite in ndx-1- and ndx-2-RNAi 
worms. As shown in Figure 5A, the knockout of mlh-1 and nth-1 did not affect the sensitivity. On the other hand, 
the knockout of xpa-1 increased the sensitivity of the ndx-1- and ndx-2-RNAi worms.   
As described above, knockdown of chk-2 and clk-2 rescued the sensitivity of ndx-1- and ndx-2-RNAi 
worms. We next examined whether knockdown of chk-2 and clk-2 rescues the sensitivity of ndx-1- and 
ndx-2-RNAi xpa-1 mutant. As shown in Figure 5B, the sensitivity was only slightly (not significantly) rescued 





MutT homologs that eliminate oxidized nucleotides have been identified in various organisms. In C. 
elegans, NDX-1 and NDX-4 selectively degrade 8-oxo-dGDP and 8-oxo-dGTP, respectively (11, 12). We first 
focused on the properties of NDX-2 of C. elegans as an E. coli MutT homolog. To examine the enzymatic 
activity of C. elegans NDX-2, the NDX-2 protein was purified (Figure 1A). Biochemical studies revealed that 
NDX-2, like NDX-1, hydrolyzes 8-oxo-dGDP, but not 8-oxo-dGTP, to the monophosphate form (Figure 1B). 
NDX-2 can hydrolyze normal dGDP as efficiently as 8-oxo-dGDP (Table 1). This property is similar to that of 
NDX-4 in that these enzymes hydrolyze normal nucleotides (12). The 8-oxo-dGDPase activity of NDX-2 was 
significantly lower than that of NDX-1. This fact might explain why the suppression of mutagenesis by the 
expression of NDX-2 was not as efficient as that by NDX-1 or NDX-4 (11, 12). However, NDX-1 and NDX-2 
provide mutual backup in sanitization of the nucleotide pool. As reported previously, 8-oxodGDP strongly 
inhibits 8-oxo-dGTPase activity of MTH1 (27). Likewise, the presence of 8-oxo-dGDP or dGDP reduces 
NDX-4’s 8-oxo-dGTPase activity (Supplementary Figure 3). The enzymatic activity of NDX-2 toward both 
8-oxo-dGDP and dGDP might be necessary to avoid a reduction of the activity of NDX-4. 8-oxoG incorporation 
into RNA is considered to cause translational errors resulting in the synthesis of abnormal proteins (13). 
Although 8-oxoG in DNA is removed by DNA glycosylases such as MutM, OGG1 and NEIL1 to initiate BER 
and repair using the other strand (22-24, 28), 8-oxoG formed in RNA cannot be similarly removed. Therefore, 
organisms must be equipped with mechanisms to prevent transcriptional and translational errors caused by 
oxidative damage. MutT and many homologs of MutT also hydrolyze 8-oxoGTP and/or 8-oxo-GDP (9, 14, 16). 
In this study, we examined the enzymatic activity of NDX-1, NDX-2 and NDX-4 toward oxidized 
ribonucleotides and found that NDX-1 and NDX-2 had 8-oxo-GDPase activity, and NDX-4 had 8-oxo-GTPase 
activity. These facts suggest that NDX-1, NDX-2 and NDX-4 are also involved in sanitization of the 
ribonucleotide pool and play a critical role in preventing the synthesis of abnormal proteins. As shown in Figure 
2, ndx-1, ndx-2 double-RNAi ndx-4 mutants displayed lower survival when placed on plates containing 
menadione bisulfite in adulthood. In C. elegans, the germ line is the only tissue in which cell divisions occur into 
adulthood (29). Therefore, the lower survival seems to have little to do with oxidatively damaged 
deoxyribonucleotides such as 8-oxo-dGTP. The lower survival may instead be explained by NDX’s inability to 
sanitize the ribonucleotide pool.  
We examined the effect of methyl viologen and menadione bisulfite on growth rate to assess the 
sensitivity during development. As shown in Figure 3A, knockdown of ndx-2 caused sensitivity to both methyl 
viologen and menadione bisulfite. Although NDX-1, NDX-2 and NDX-4 may collaborate to prevent the 
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misincorporation of 8-oxoG, knockdown of ndx-1 or ndx-2 did not enhance the sensitivity of the ndx-4 mutant 
(Figure 3B). We have, up to this point, determined the ratio of the number of viable L4 and adults, but a few 
small larvae were also observed in the plates containing the oxidizing agents. We hypothesized that some of the 
worms were arrested at the larval stage because the checkpoint pathways that regulate development are activated 
in response to an increase in the amount of oxidized nucleotides such as 8-oxo-dGTP (Figure 4A). To test this 
possibility, we examined the effect of the knockdown of chk-2 and clk-2, DNA damage checkpoint genes in C. 
elegans, on the sensitivity of ndx knockdown or knockout worms. As shown in Figure 4A, the sensitivity was 
rescued by the knockdown of chk-2 or clk-2. These results suggest that development is regulated by the function 
of CHK-2 and CLK-2. Checkpoint pathways are activated in response to dUTP misincorporation into DNA (20), 
and we speculate that the checkpoint pathways may also be activated in response to 8-oxo-dGTP 
misincorporation into DNA, although it is possible that the checkpoint pathways respond independently of 
misincorporation of 8-oxo-dGTP.   
We next asked if adult worms that had evaded the growth arrest had some potential problem. To do 
this, we examined the effects on the reproduction of these adult worms and their progeny using the ndx-4 mutant. 
Although there were no abnormalities in the hatching rate of eggs from the adult worms, the growth of the first 
filial generation (F1) progeny of the chk-2- and clk-2-RNAi worms was retarded compared to that of 
control-RNAi worms (Figure 4B). This result suggests that the checkpoint pathway is probably important to 
make sufficient time available for repair and to prevent transgenerational accumulation of DNA damage that 
would impair growth. 
8-oxoG is generated in DNA by misincorporation of 8-oxo-dGTP. Therefore, it is also important to 
examine DNA repair pathways for 8-oxoG. The base excision repair (BER) pathway is the main mechanism for 
removal of 8-oxoG in DNA (30). Furthermore, mismatch repair (MMR) plays a role in the prevention of the 
mutagenic effect of 8-oxoG (31, 32). We examined whether the knockout of nth-1 and mlh-1 affects the 
sensitivity of ndx-1, ndx-2 double-RNAi worms to menadione bisulfite and found there were no changes in the 
sensitivity. C. elegans lacks homologues of E. coli MutM and mammalian OGG1 that remove 8-oxoG from 
DNA. Although C. elegans NTH-1, a homolog of endonuclease III, was reported to have activity toward 8-oxoG 
paired with G, this activity is very weak (33). Therefore, we tested the possibility that another pathway is 
primarily involved in the repair of 8-oxoG in C. elegans. In yeast, nucleotide excision repair (NER) also 
contributes to the release of 8-oxoG in damaged DNA (32). It has been proposed that oxidative lesions relevant 
to aging are normally repaired by NER in C. elegans (34). Thus, we examined whether the knockout of xpa-1 
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affected the sensitivity of ndx-1, ndx-2 double-RNAi worms to menadione bisulfite and found that knockout of 
xpa-1 greatly increased the sensitivity (Figure 5A). XPA-1 is an orthologue of the human nucleotide excision 
repair gene XPA. It is generally reported that short-patch BER accounts for the majority of 8-oxoG repair and 
that NER may function in the repair of 8-oxoG. Reduced repair of oxidative DNA damage in XP-A cell extracts 
has previously been reported (35, 36). In C. elegans, the xpa-1(ok698) mutant is not hypersensitive to methyl 
viologen in adulthood and shows mild sensitivity to exposure to juglone, a superoxide generating agent (34, 37). 
The xpa-1(ok698) mutant was not sensitive to menadione bisulfite during development (Figure 5A). In contrast, 
the  ndx-1- and ndx-2-double knockdown xpa-1 mutant was hypersensitive to menadione bisulfite. Taking these 
results altogether, we concluded that XPA-1 is involved in repair of 8-oxoG, probably in a replication-coupled 
manner during development. Moreover, we assessed whether the increased sensitivity of the xpa-1 mutant was 
rescued by knockdown of chk-2 or clk-2. The sensitivity was slightly, but not significantly, rescued by the 
knockdown of chk-2 or clk-2(Figure 5B). This result suggests that the chk-2 and clk-2 checkpoint pathway is at 
least partially linked to the function of XPA-1.  
In this study, we investigated the physiological roles of NDX proteins and the response of C. elegans 
to an increased amount of oxidized nucleotides in the nucleotide pool. We identified factors that participate in 
the response to the oxidative DNA lesions. However, how they are functioning remains unclear, and the 
molecular mechanisms should be studied in detail. 
 
SUPPLEMENTARY DATA 
Supplementary Data are available at Mutagenesis Online. 
 
FUNDING 
This work was supported by Grants-in-Aid for Scientific Research (#24510071) from the Ministry of 
Education, Culture, Sports, Science and Technology (MEXT) of Japan (to Qiu-Mei Zhang-Akiyama), 
and the Global Center of Excellence Program “Formation of a Strategic Base for Biodiversity and 
Evolutionary Research (A06): from Genome to Ecosystem”, and the Grants to Excellent Graduate 




The authors thank Dr. Elizabeth Nakajima for critically reading the manuscript. We are also grateful to 
the Shiseido Female Research Science Grant for supporting Q-M. Zhang-Akiyama. Some strains were 
provided by the CGC, which is funded by the NIH Office of Research Infrastructure Programs (P40 
OD010440). The authors thank Dr. Kazunari Hashiguchi for kindly providing plasmids used in this 
work.  
REFERENCES 
1. Cooke,M.S., Evans,M.D., Dizdaroglu,M. and Lunec,J. (2003) Oxidative DNA damage: mechanisms, mutation, 
and disease. FASEB J, 17, 1195-1214.  
2. Sekiguchi,M. and Tsuzuki,T. (2002) Oxidative nucleotide damage: consequences and prevention. Oncogene, 
21, 8895-8904.  
3. Kuchino,Y., Mori,F., Kasai,H., Inoue,H., Iwai,S., Miura,K., Ohtsuka,E. and Nishimura,S. (1987) Misreading 
of DNA templates containing 8-hydroxydeoxyguanosine at the modified base and at adjacent residues. Nature, 
327, 77-79.  
4. Meyer,F., Fiala,E. and Westendorf,J. (2000) Induction of 8-oxo-dGTPase activity in human lymphoid cells 
and normal fibroblasts by oxidative stress. Toxicology, 146, 83-92.  
5. Mo,J.Y., Maki,H. and Sekiguchi,M. (1992) Hydrolytic elimination of a mutagenic nucleotide, 8-oxodGTP, by 
human 18-kilodalton protein: sanitization of nucleotide pool. Proc. Natl Acad. Sci. USA, 89, 11021-11025.  
6. Maki,H. and Sekiguchi,M. (1992) MutT protein specifically hydrolyses a potent mutagenic substrate for DNA 
synthesis. Nature, 355, 273-275.  
7. Sakumi,K., Furuichi,M., Tsuzuki,T., Kakuma,T., Kawabata,S., Maki,H. and Sekiguchi,M. (1993) Cloning and 
expression of cDNA for a human enzyme that hydrolyzes 8-oxo-dGTP, a mutagenic substrate for DNA synthesis. 
J. Biol. Chem., 268, 23524-23530.  
8. Cai,J.P., Ishibashi,T., Takagi,Y., Hayakawa,H. and Sekiguchi,M. (2003) Mouse MTH2 protein which 
prevents mutations caused by 8-oxoguanine nucleotides. Biochem. Biophys. Res. Commun., 305, 1073-1077.  
13 
 
9. Takagi,Y., Setoyama,D., Ito,R., Kamiya,H., Yamagata,Y. and Sekiguchi,M. (2012) Human MTH3 (NUDT18) 
protein hydrolyzes oxidized forms of guanosine and deoxyguanosine diphosphates: comparison with MTH1 and 
MTH2. J. Biol. Chem., 287, 21541-21549.  
10. Ishibashi,T., Hayakawa,H. and Sekiguchi,M. (2003) A novel mechanism for preventing mutations caused by 
oxidation of guanine nucleotides. EMBO Rep, 4, 479-483.  
11. Sanada,U., Yonekura,S., Kikuchi,M., Hashiguchi,K., Nakamura,N., Yonei,S. and Zhang-Akiyama,Q.M. 
(2011) NDX-1 protein hydrolyzes 8-oxo-7, 8-dihydrodeoxyguanosine-5'-diphosphate to sanitize oxidized 
nucleotides and prevent oxidative stress in Caenorhabditis elegans. J. Biochem., 150, 649-657.  
12. Arczewska,K.D., Baumeier,C., Kassahun,H., Sengupta,T., Bjørås,M., Kuśmierek,J.T. and Nilsen,H. (2011) 
Caenorhabditis elegans NDX-4 is a MutT-type enzyme that contributes to genomic stability. DNA Repair 
(Amst), 10, 176-187.  
13. Hayakawa. H., Kuwano. M., and Sekiguchi. M. (2001) Specific binding of 8-oxoguanine-containing RNA to 
polynucleotide phosphorylase protein. Biochemistry, 40, 9977-9982. 
14. Taddei,F., Hayakawa,H., Bouton,M., Cirinesi,A., Matic,I., Sekiguchi,M. and Radman,M. (1997) 
Counteraction by MutT protein of transcriptional errors caused by oxidative damage. Science, 278, 128-130.  
15. Ito,R., Hayakawa,H., Sekiguchi,M. and Ishibashi,T. (2005) Multiple enzyme activities of Escherichia coli 
MutT protein for sanitization of DNA and RNA precursor pools. Biochemistry, 44, 6670-6674.  
16. Ishibashi,T., Hayakawa,H., Ito,R., Miyazawa,M., Yamagata,Y. and Sekiguchi,M. (2005) Mammalian 
enzymes for preventing transcriptional errors caused by oxidative damage. Nucleic Acids Res., 33, 3779-3784.  
17. Matsuoka,S., Ballif,B.A., Smogorzewska,A., McDonald,E.R 3rd., Hurov,K.E., Luo,J., Bakalarski,C.E., 
Zhao,Z., Solimini,N., Lerenthal,Y., Shiloh,Y., Gygi,S.P. and Elledge,S.J. (2007) ATM and ATR substrate 
analysis reveals extensive protein networks responsive to DNA damage. Science, 316, 1160-1166.  
18. Lee,S.J., Yook,J.S., Han,S.M. and Koo,H.S. (2004) A Werner syndrome protein homolog affects C. elegans 
development, growth rate, life span and sensitivity to DNA damage by acting at a DNA damage checkpoint. 
Development, 131, 2565-2575.  
19. Youds,J.L., Barber,L.J. and Boulton,S.J. (2009) C. elegans: a model of Fanconi anemia and ICL repair. 
Mutat. Res., 668, 103-116.  
20. Dengg,M., Garcia-Muse,T., Gill,S.G., Ashcroft,N., Boulton,S.J. and Nilsen,H. (2006) Abrogation of the 
CLK-2 checkpoint leads to tolerance to base-excision repair intermediates. EMBO Rep, 7, 1046-1051.  
14 
 
21. David,S.S., O'Shea,V.L. and Kundu,S. (2007) Base-excision repair of oxidative DNA damage. Nature, 447, 
941-950. 
22. Michaels,M.L. and Miller,J.H. (1992) The GO system protects organisms from the mutagenic effect of the 
spontaneous lesion 8-hydroxyguanine (7,8-dihydro-8-oxoguanine). J. Bacteriol, 174, 6321-6325.  
23. van,d.er Kemp PA., Thomas,D., Barbey,R., de,O.liveira R. and Boiteux,S. (1996) Cloning and expression in 
Escherichia coli of the OGG1 gene of Saccharomyces cerevisiae, which codes for a DNA glycosylase that 
excises 7,8-dihydro-8-oxoguanine and 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine. Proc. Natl 
Acad. Sci. USA, 93, 5197-5202.  
24. Radicella,J.P., Dherin,C., Desmaze,C., Fox,M.S. and Boiteux,S. (1997) Cloning and characterization of 
hOGG1, a human homolog of the OGG1 gene of Saccharomyces cerevisiae. Proc. Natl Acad. Sci. USA, 94, 
8010-8015.  
25. Timmons,L. and Fire,A. (1998) Specific interference by ingested dsRNA. Nature, 395, 854.  
26. Kamath,R.S. and Ahringer,J. (2003) Genome-wide RNAi screening in Caenorhabditis elegans. Methods, 30, 
313-321.  
27. Bialkowski,K. and Kasprzak,K.S. (2003) Inhibition of 8-oxo-2'-deoxyguanosine 5'-triphosphate 
pyrophosphohydrolase (8-oxo-dGTPase) activity of the antimutagenic human MTH1 protein by nucleoside 
5'-diphosphates. Free Radic. Biol. Med., 35, 595-602. 
28. Hazra,T.K., Izumi,T., Boldogh,I., Imhoff,B., Kow,Y.W., Jaruga,P., Dizdaroglu,M. and Mitra,S. (2002) 
Identification and characterization of a human DNA glycosylase for repair of modified bases in oxidatively 
damaged DNA. Proc. Natl Acad. Sci. USA, 99, 3523-3528. 
29. Wang,X., Zhao,Y., Wong,K., Ehlers,P., Kohara,Y., Jones,S.J., Marra,M.A., Holt,R.A., Moerman,D.G. and 
Hansen,D. (2009) Identification of genes expressed in the hermaphrodite germ line of C. elegans using SAGE. 
BMC Genomics, 10. 
30. Dianov,G., Bischoff,C., Piotrowski,J. and Bohr,V.A. (1998) Repair pathways for processing of 8-oxoguanine 
in DNA by mammalian cell extracts. J. Biol. Chem., 273, 33811-33816.  
31. Colussi,C., Parlanti,E., Degan,P., Aquilina,G., Barnes,D., Macpherson,P., Karran,P., Crescenzi,M., 
Dogliotti,E. and Bignami,M. (2002) The mammalian mismatch repair pathway removes DNA 8-oxodGMP 
incorporated from the oxidized dNTP pool. Curr. Biol., 12, 912-918.  
32. Boiteux,S., Gellon,L. and Guibourt,N. (2002) Repair of 8-oxoguanine in Saccharomyces cerevisiae: 
interplay of DNA repair and replication mechanisms. Free Radic. Biol. Med., 32, 1244-1253.  
15 
 
33. Morinaga,H., Yonekura,S., Nakamura,N., Sugiyama,H., Yonei,S. and Zhang-Akiyama,Q.M. (2009) 
Purification and characterization of Caenorhabditis elegans NTH, a homolog of human endonuclease III: 
essential role of N-terminal region. DNA Repair (Amst), 8, 844-851.  
34. Fensgård,Ø., Kassahun,H., Bombik,I., Rognes,T., Lindvall,J.M. and Nilsen,H. (2010) A two-tiered 
compensatory response to loss of DNA repair modulates aging and stress response pathways. Aging (Albany NY), 
2, 133-159.  
35. Jaiswal,M., Lipinski,L.J., Bohr,V.A. and Mazur,S.J. (1998) Efficient in vitro repair of 
7-hydro-8-oxodeoxyguanosine by human cell extracts: involvement of multiple pathways. Nucleic Acids Res., 26, 
2184-2191.  
36. Satoh,M.S., Jones,C.J., Wood,R.D. and Lindahl,T. (1993) DNA excision-repair defect of xeroderma 
pigmentosum prevents removal of a class of oxygen free radical-induced base lesions. Proc. Natl Acad. Sci. USA, 
90, 6335-6339.  
37. Astin,J.W., O'Neil,N.J. and Kuwabara,P.E. (2008) Nucleotide excision repair and the degradation of RNA 






Figure 1. Cleavage activity of C. elegans NDX proteins against 8-oxoG-containing nucleotides. (A) Purification 
of NDX-2 and NDX-4. NDX-2 and NDX-4 were obtained by the cleavage of the GST-fused protein with 
thrombin. Proteins were analysed by SDS-PAGE (12% polyacrylamide) and stained with Coomassie Brilliant 
blue R 250. Lane 1, molecular weight markers; Lane 2, purified NDX-2 or NDX-4 protein. The arrows indicate 
purified NDX-2 and NDX-4. (B) Substrate specificity of NDX-2. 8-oxo-dGDP or 8-oxo-dGTP after incubation 
at 37°C for 30 min without (top) or with (bottom) 5 μM purified NDX-2. 8-oxo-dGMP, 8-oxo-dGDP and 
8-oxo-dGTP are indicated by (1), (2) and (3), respectively. (C) Substrate specificity of NDX proteins. 
8-oxo-GDP or 8-oxo-GTP after incubation at 37°C for 30 min without or with 0.73 μM purified NDX-1, 5 μM 




Figure 2. The survival of ndx-4(ok1003) mutants in adulthood under oxidative conditions.  ndx-4(ok1003) and 
ndx-1;ndx-2 (double-RNAi)/ndx-4 (ok1003) worms showed decreased survival on 5 mM menadione bisulfite 
plates compared to control worms, The surviving population was counted daily from day 3. ♦, control worms; ■, 
ndx-4 (ok1003) worms; ▲, ndx-1;ndx-2 (double-RNAi)/ndx-4(ok1003) worms. The values represent the mean ± 
standard deviation (n=3). 
Figure 3. The sensitivity of ndx-1(RNAi) and ndx-2(RNAi) worms and ndx-4(ok1003) mutants to methyl 
viologen (MV) and menadione bisulfite. (A) ndx-2(RNAi) worms showed decreased development on MV and 
menadione bisulfite plates compared to control worms. ♦, control worms;▲, ndx-2(RNAi) worms. (B) 
ndx-4(ok1003) worms similarly exhibited sensitivity to MV and menadione bisulfite. Co-application of 
ndx-1(RNAi) and ndx-2(RNAi) did not enhance the sensitivity of the ndx-4 mutant. ♦, control worms; ■, 
ndx-4(ok1003) worms; ▲, ndx-1(RNAi)/ndx-4(ok1003) worms; ●, ndx-2(RNAi)/ndx-4(ok1003) worms; ×, 
ndx-1;ndx-2(double-RNAi)/ndx-4(ok1003) worms. The ratio of the number of viable L4 and adults to the 
number of eggs was determined and normalized by the untreated control. The values represent the mean ± 
standard deviation (n=3).  
Figure 4. Activation of checkpoint pathways in response to an increased amount of oxidized nucleotides. (A) 
Effect of knockdown of chk-2 and clk-2 on the sensitivity of ndx-1(RNAi) and ndx-2(RNAi) worms and ndx-4 
mutants to 1 mM bisulfite. The values indicate the number of viable L1 - L3/the number of eggs (white bar) and 
viable L4 and adults/the number of eggs (gray bar). The values represent the mean ± standard deviation (n=3). 
(B) Comparison of growth in the first filial generation (F1) progeny animals of the ndx-4(ok1003) mutants that 
were able to develop to adulthood under oxidative condition caused by menadione bisulfite (0.5 mM). The 
values represent the mean ± standard deviation (n=3). *P < 0.05, indicating significant difference at the 95% 
confidence level. 
Figure 5. A survey of DNA repair pathways that process the incorporated oxidized nucleotides. (A) Effect of 
knockout of DNA repair genes on the sensitivity of ndx-1(RNAi) and ndx-2(RNAi) worms. (B) Effect of 
knockdown of chk-2 and clk-2 on the increased sensitivity of ndx-1(RNAi)/xpa-1(ok698) and 
ndx-2(RNAi)/xpa-1(ok698) knockdown worms to menadione bisulfite. The values are shown as the number of 
17 
 
viable L4 and adults/the number of eggs. The values represent the mean ± standard deviation (n=3). *P < 0.05, 
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Supplementary figure 1. The effect of RNAi. RT-PCR of total RNA isolated from 
ndx-1(RNAi)-, ndx-2(RNAi), chk-2(RNAi), clk-2(RNAi) and control worms. tbg-1 

















Methyl viologen (mM) 
Supplementary figure 2. Complementation assay. The sensitivity of E. coli CC101, 
CC101 mutT and CC101 mutT expressing NDX-2 to Methyl viologen (MV). The 
overnight cultures were plated on LB agar plates containing MV and the number 
of colonies was counted to estimate survival after 20 hr of incubation at 37°C.  
The values represent the mean ± standard deviation (n=4). ◆, E. coli CC101; ■, 








CT 8-oxodGDP dGDP 
Supplementary figure 3. Inhibition of 8-oxo-dGTPase activity of NDX-4 by 8-oxo-
dGDP and dGDP. 8-oxo-dGTP was incubated at 37°C for 30 min with XXX μM of 
purified NDX-4 in the presence of 8-oxo-dGDP or dGDP.  
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